Abstract. We present an extension of the Goldstone-boson-exchange constituent-quark model including additional interactions beyond the ones used hitherto. For the hyperfine interaction between the constituent quarks we assume pseudoscalar, vector, and scalar meson exchanges and consider all relevant force components produced by these types of exchanges. The resulting model, which corresponds to a relativistic Poincaré-invariant Hamiltonian (or equivalently mass operator), provides a unified framework for a covariant description of all light and strange baryons. The ground states and resonances up to an excitation energy of about 2 GeV are reproduced in fair agreement with phenomenology, with the exception of the first excitations above the Λ and Ξ ground states.
Introduction
It is nowadays widely accepted that quantum chromodynamics (QCD) is the basic theory of strong interactions. Over the years, however, one has learned that QCD manifests itself with different degrees of freedom in different energy regimes. As a consequence one resorts to separate approaches for the solution of QCD depending on the energy domain one is working in. Low-energy QCD is characterized by the appearance of constituent quarks as quasiparticles (see, e.g., the lattice studies in ref. [1] ). Therefore, it seems to be appropriate to treat hadrons in terms of constituent quarks. An effective tool towards a comprehensive description of low-energy hadron phenomena is offered by constituent-quark models (CQMs). They can be designed to incorporate the essential ingredients of low-energy QCD. At the same time they can make use of a covariant formulation so as to allow for the necessary relativistic treatment of hadrons as composite systems of constituent quarks confined to a relatively small volume. When building a CQM one faces the problem of the proper effective interaction between the constituent quarks. While the confinement can readily be modeled after lattice results of QCD (see, e.g., ref.
[2]), there are alternative approaches to the hyperfine interaction of the constituent quarks.
One type of hyperfine interaction between constituent quarks derives from one-gluon exchange (OGE) [3] . Several CQMs are based on this dynamical concept [4] [5] [6] [7] [8] . While OGE CQMs have a long tradition, all of them are a e-mail: plessas@uni-graz.at facing some serious problems especially in baryon spectroscopy. In particular, they do not manage to describe in a uniform manner the level schemes in the N , ∆, and Λ spectra in accordance with experimental data [9] .
Another approach to the hyperfine interaction of constituent quarks considers instanton-induced effects [10] [11] [12] . The CQM based on this concept also encounters similar difficulties in the N and ∆ spectra as it cannot reproduce the correct level orderings of positive-and negativeparity excitations [13] .
Congruent with the assumption of constituent quarks as the essential degrees of freedom at low energies is the appearance of Goldstone bosons. Therefore, it seems to be quite natural to derive the hyperfine interaction from Goldstone-boson exchange (GBE) [14] . A CQM based on this dynamical concept has indeed been quite successful in describing the excitation spectra of the light and strange baryons [15] . The specific spin-flavor symmetry that is brought about by GBE allows to reproduce in a unified framework specifically the characteristic patterns in the level schemes of the N , ∆, and Λ spectra [9, 15] .
The CQM of ref.
[15] uses only a part of the dynamics offered by GBE, namely, only the spin-spin part of the pseudoscalar exchange. Obviously, one is interested in the performance of a more complete model that takes into account also the other force components of the single Goldstone-boson exchange, such as the complete tensor force, as well as the possibilities offered by multiple GBE [16] . First preliminary attempts in this direction were already made in refs. [17] [18] [19] [20] . In the present paper we report an extended version of the GBE CQM that includes 508 The European Physical Journal A all relevant force components offered by pseudoscalar, vector, and scalar exchanges.
We also address the role of spin-orbit forces in more detail. Spin-orbit forces can stem from both the confinement and the hyperfine interactions. From phenomenology, however, one expects their net effect to be small in baryon spectroscopy. The more this should be true for quadratic spin-orbit forces. Therefore, in CQMs it is often assumed that spin-orbit as well as quadratic spin-orbit forces can be left out. Nevertheless, we study the influences of spin-orbit forces by considering two versions of the extended GBE CQM, one without and one with such type of interaction.
This work is organized as follows: In sect. 2 we shortly recapitulate the properties of the pseudoscalar GBE CQM of ref. [15] , which is restricted to spin-spin forces of pseudoscalar exchange only. In sect. 3 we discuss the idea of multiple GBE and its effective description. The formulation of the extended GBE CQM is presented in sect. 4. In sect. 5 we give the parameterizations of the two versions of the extended GBE CQM constructed here. The resulting spectra of all the light and strange baryons are presented in sect. 6. We close with a discussion of the obtained results and an outlook to possible applications and tests of the new type of GBE CQM in low-energy hadronic physics.
Pseudoscalar Goldstone-boson-exchange constituent-quark model
In ref.
[15] one constructed a CQM relying on the Hamiltonian
where p i are the three-momenta of the constituent quarks and m i are their masses. The confinement potential V conf was chosen to be of a linear form, and the hyperfine potential V hf consisted of the spin-spin components of the pseudoscalar meson exchange (π, K, η, η ). The Hamiltonian (1) corresponds to an invariant (interacting) mass operator M in relativistic quantum mechanics and it lends itself to covariant calculations not only of the energy spectra but also of further hadronic reactions. The spectra and wave functions of the light and strange baryons were obtained by solving the eigenvalue problem of the above Hamiltonian (or equivalently of the mass operator M ) via the stochastic variational method (SVM) [21, 22] . This approach provides a very reliable determination of the eigenenergies and eigenstates. The accuracy of the method was checked before by solving the problem of a relativistic three-quark system via (modified) Faddeev equations [23] .
The spectra for the light and strange baryons resulting from the pseudoscalar GBE CQM are shown in fig. 1 . As is immediately evident, quite a satisfactory description of the spectroscopy of all light and strange baryons can be achieved already with this kind of GBE CQM. Especially, the orderings of the energy levels according to their parities are obtained in agreement with experiment. In the spectrum of the nucleon, the Roper resonance N (1440) with J P = 1 2 + comes out as the lowest excitation above the nucleon ground state. It is followed by the 
